Notch receptors undergo three distinct proteolytic cleavages during maturation and activation. The third cleavage occurs within the plasma membrane and results in the release and translocation of the intracellular domain into the nucleus to execute Notch signaling. This so-called ␥-secretase cleavage is under the control of presenilins, but it is not known whether presenilins themselves carry out the cleavage or whether they act by means of yetunidentified ␥-secretase(s). In this article, we show that Notch intracellular cleavage in intact cells completely depends on presenilins. In contrast, partial purification of the Notch cleavage activity reveals an activity, which is present only in protein extracts from presenilin-containing cells, and which does not comigrate with presenilin. This finding provides evidence for the existence of a specific Notch-processing activity, which is physically distinct from presenilins. We conclude from these experiments that presenilins are critically required for Notch intracellular cleavage but are not themselves directly mediating the cleavage.
T
he Notch signaling pathway is an evolutionarily conserved signaling system, which controls cell fate decisions (1) . The Notch receptor is a single transmembrane spanning protein, and activation of the receptor involves at least three different proteolytic cleavage events (2) . The two first cleavages occur at the extracellular side of the Notch receptor and are followed by a third cleavage, which takes place at the plasma membrane. This cleavage liberates the intracellular Notch receptor domain (Notch IC), which then is translocated to the nucleus to mediate signaling through activation of HES (Hairy͞Enhancer of split) genes (3) (4) (5) (6) . The third proteolytic cleavage of the Notch receptor is linked to the function of presenilins, which also control the proteolytic processing of amyloid precursor protein (APP) (for review see refs. 7 and 8) . Presenilins are the most frequently mutated genes in familial Alzheimer's disease, and the mutations in presenilin affect APP processing.
A key question is whether presenilins contain the ␥-secretase activity required for cleavage or whether they act indirectly by activating other intermediate proteins that execute the proteolytic cleavage of Notch and APP. Support for the notion that presenilins are identical to ␥-secretase (see refs. 7-9 for review) comes from work with ␥-secretase inhibitors (10) (11) (12) and active site-mutated presenilins (13) . Furthermore, no detectable A␤ production from APP is observed in cells derived from mice in which both presenilin 1 (PS1) and presenilin 2 (PS2) have been inactivated by gene targeting (14) (15) (16) .
The situation, however, becomes more complex if processing of Notch receptors is taken into account. Presenilins clearly play an important role in Notch processing, which was first discovered in Caenorhabditis elegans (17) and later in Drosophila and mice (16, (18) (19) (20) (21) (22) . These data do not, however, reveal whether this processing is a direct or indirect effect of the presenilins. There are observations suggesting that the specificity of presenilincontrolled Notch and APP processing differ, which may indicate that presenilins are not solely responsible for the cleavage of both Notch and APP. Thus, Notch and APP are differently affected by certain ␥-secretase inhibitors (24), § § mutations in presenilin (13) , or mutations at the cleavage sites of Notch and APP (25, 26) . To address the role of presenilins for Notch processing, we here analyze whether presenilins directly cleave Notch or whether cleavage is mediated by a distinct protein activity.
Materials and Methods
DNA Constructs. The detailed description of the cloning work is published as supporting information on the PNAS web site, www.pnas.org.
Generation of Cell Lines, Transfections, and Reporter Gene Assay. The detailed description of the generation and culture of the BD8 and BD3 cell lines is published as supporting information on the PNAS web site. Transfections were performed with the Lipofectamine Plus method (Life Technologies, Gaithersburg, MD) in 24-well tissue culture plates by using a total amount of 450 ng DNA consisting of: 200 ng UAS-luc, 100 ng Notch1 ⌬EGVP or Notch3 ⌬EGVP constructs, 50 ng CMV-␤gal vector, and 0-100 ng additional vector (PS1 and PS2) with the remaining DNA made up to 450 ng with empty pCMX vector. Transfected cells were grown for 48 h followed by lysis. The lysate was used to determine luciferase activity as described (27) . ␤-Galactosidase concentration was determined to equalize results for transfection efficiency. Experiments were performed in triplicate and repeated 3-6 times.
Western Blot. The lysed cells (50% of total lysed cell extracts from above) were boiled in 1ϫ SDS sample buffer ϩ 5% ␤-mercaptoethanol and used for analysis by SDS͞PAGE. Proteins transferred to nitrocellulose membranes were probed with the 9E10 myc mAb (PharMingen) or the VP16 polyclonal antibody (CLONTECH, no. 3844-1) and visualized by SuperSignal Western blot reagents (Pierce). Fuji Super RX x-ray film was used for exposure and scanned in AGFA Arcus II and reproduced for publication with Adobe PHOTOSHOP. Isolation of Membrane from the Cells. All procedures were conducted at 4°C. Cells were grown conf luent on 15-cm dishes and washed with ice-cold 1ϫ PBS. Cells were harvested with cell scraper and collected in 50-ml tubes. After spinning down the cells, they were homogenized with a dounce homogenizer by using 15 strokes of B pestle in 9ϫ volume of isotonic buffer (30 mM Tris⅐HCl, pH 7.4͞0.25 M sucrose). The homogenate was centrifuged at 1,000 g for 7 min. The pellet containing nuclei and the large fragments of membrane were resuspended in 2.1 M sucrose. Sucrose solutions (1.25 M and 0.25 M) were overlaid. After the centrifugation with swing rotor at 75,000 g overnight (for 8 -16 h), the membrane fraction was concentrated at the border between 1.25 M and 0.25 M sucrose layers, collected, diluted in 5ϫ volume of 1 M NaCl, placed on ice for 15-20 min, and centrifuged again with an angled rotor at 75,000 g for 1 h. The pelleted membrane fraction was resuspended in stock solution (30 mM Tris⅐HCl, pH 7.4͞20% glycerol), f lash-frozen in liquid nitrogen, and stored at Ϫ80°C.
Solubilization and Fractionation of Membrane Protein. The frozen membrane fraction was thawed rapidly. 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) was added to the final concentration of 0.25%. The membrane fraction was placed on ice for 15 min, and the insoluble materials were removed by centrifugation at 100,000 g for 1 h at 4°C. The supernatant was dialyzed overnight against more than 100ϫ volume of buffer containing 30 mM Tris⅐HCl (pH 7.4), 10 mM EDTA, 0.25% CHAPS, and 10% glycerol with a replacement of the buffer 3 h after the start of dialysis. The dialyzed proteins were applied to a 1-ml Hitrap Q column (Amersham Pharmacia) equilibrated with buffer A (30 mM Tris⅐HCl, pH 7.4͞1 mM EDTA͞0.25% CHAPS͞10% glycerol) and eluted with 25 ml of linear NaCl gradient (0-0.5 M), and 1-ml fractions were collected.
Peptide Cleavage Assay. Peptides were synthesized and purified by HPLC by Peptide Inc., Osaka. The following peptides were used for the assay: wild-type Notch peptide, Nma-GCGVLL-K (Dnp)rr-NH2, and mutant Notch peptide, Nma-GCGKLL-K(Dnp)rr-NH2. The peptide dissolved in DMSO was added to the final concentration of 8 M to 50 l of each protein fraction. After incubation at 37°C for 2 h, the reaction was terminated by placing samples on ice. The fluorescence was measured by using 1420 ARVO fluorometer (Amersham Pharmacia) with the excitation wavelength at 355 nm and the emission wavelength at 440 nm. Inhibitors were added to the fractionated protein samples and incubated on ice for 10 min before the addition of the peptide. For immunodepletion experiments, the fractionated proteins were precleared with Protein G Sepharose (Amersham Pharmacia) at 4°C for 1 h. Subsequently, 5 l of the preimmune serum, anti-PS1 antibody, G1L3, or anti-PS2 antibody, G2L (a kind gift from T. Iwatsubo, University of Tokyo, Tokyo) was added to each 50 l of precleared samples and incubated at 4°C for 1 h, followed by incubation with Protein G Sepharose for an additional hour.
Results

A Sensitive Assay for Notch Intracellular Cleavage.
It has previously been shown that no production of Notch IC detectable by Western blot analysis takes place in presenilin-deficient cells (13, 16, 18) . As biologically relevant Notch signaling may, however, occur at levels below the Western blot detection limit, we wanted to establish an alternative, more sensitive, and specific assay to measure Notch intracellular cleavage. The assay is based on the integration of the GAL4 DNA binding and VP16 transactivating protein domains (G4VP16) into the intracellular portion of the Notch ⌬E protein, which mimics a site two-cleaved Notch receptor, to generate N ⌬EGVP (Fig.  1A) . After cleavage of the N ⌬EGVP, the intracellular domain translocates to the nucleus and activates transcription from a UAS promoter element. The insertion of G4VP16 into a Notch receptor has previously been used in vivo in Drosophila to record Notch intracellular cleavage (4, 6, 20) and to measure cleavage at site 2 in Notch 1 (28) . We generated Notch ⌬E constructs containing G4VP16 from the Notch 1 and Notch 3 genes (N1 ⌬EGVP and N3 ⌬EGVP, respectively) (Fig. 1A) , and 100 pg of each construct is sufficient to be detected by UAS͞promoter activation in HEK293T cells, which are wild type for presenilin (data not shown).
To test the specificity of the assay we asked whether specific mutations at the cleavage site in the intracellular domain affected signaling. An exchange of the valine-1744 residue, critical for cleavage in vivo (26) , for a glycine residue (Fig. 1 A) reduced cleavage by approximately 60% in N1 ⌬EGVP (Fig.  1B) . Similarly, replacement in the N3 ⌬EGVP construct of 3 aa located at the cleavage site resulted in a 75% reduction of cleavage (Fig. 1B) . Notch receptors lacking the EGF repeats at the extracellular side (LNR constructs) have been shown to be deficient in intracellular cleavage (23) , and transfection of a G4VP16 version of a Notch 1 LNR (N1 LNR GVP; Fig. 1 A) did not result in detectable cleavage and activation (Fig. 1B) . Finally, the use of specific ␥-secretase inhibitors considerably reduced cleavage. The inhibitor L-685,458 (11) reduced cleavage of N1 ⌬EGVP by 40% and N3 ⌬EGVP by 85% at 25 M, whereas the structurally related compound L-405,484, which is nonfunctional on APP cleavage, did not reduce cleavage of Notch 1 ⌬EG4V16 and Notch 3 ⌬EG4V16 by more than 5% (Fig. 1C) . Addition of the inhibitor MW167 (10) at 20 M led to a 90% reduction of cleavage for both Notch ⌬E constructs (Fig. 1C) . We conclude that the G4VP16-based assay is very sensitive and provides a specific readout for the ␥-secretasemediated cleavage of Notch.
Notch Intracellular Cleavage Completely Depends on Presenilin Function.
To assess whether Notch signaling completely depends on presenilin function, we tested the level of N1 ⌬EGVP and N3 ⌬EGVP cleavage in cells of different presenilin genotypes. Whereas very efficient activation from the UAS͞promoter gene was observed in cells wild type for PS1 and PS2 (data not shown), no activation could be detected for either N1 ⌬EGVP or N3 ⌬EGVP in the cell line BD8 (Fig. 1D) , which is derived from a mouse embryo lacking both PS1 and PS2 (14) . Transfection of the BD8 cells with expression constructs for PS1, PS2, or both rescued reporter gene activation (Fig. 1D) . These data indicate that no detectable Notch cleavage occurs in cells lacking both PS1 and PS2.
A Fluorimetric Peptide Assay for Analysis of Notch Intracellular
Cleavage. To study whether presenilins are the direct mediators of Notch cleavage, we used a well-established approach to identify protease activity based on an intramolecularly quenched fluorogenic peptide containing the cleavage site. A fluorogenic peptide covering the third proteolytic cleavage site in Notch 1 (amino acids GCGVLL, Fig. 2 A) was tested for activity on a membrane fraction from HEK293T cells, which readily cleave the Notch ⌬EG4VP16 proteins (see above) and thus contain presenilin activity. Incubation of the substrate peptide with the membrane fraction generated a fluorescence signal, which in-creased linearly for up to 6 h (Fig. 2B) . The conversion rate increased in response to addition of larger amounts of the membrane fraction (Fig. 2C) . Because Notch cleavage is shown to be sensitive to mutations at the intracellular cleavage site (25, 26 ) (see also Fig. 1B) we tested the efficacy of a peptide containing a valine-1744 to lysine substitution (CCGKLL). Cleavage was reduced to approximately 60% (Fig. 2C) , which is in agreement with the reduction of cleavage observed in living cells (Fig. 1B) and in vivo (26) .
We next tested the specificity of the assay by various protease inhibitors. The conversion rate decreased when the membrane was preincubated with MG132, a peptide aldehyde, which is known to inhibit the intracellular cleavage (25) and with MW167 (Fig. 2D) . Because MG132 also is a proteasome inhibitor, the observed reduction could conceivably be mediated by this mechanism. However, incubation with another proteasome inhibitor, clasto-lactacystin ␤-lactone, did not result in decreased fluorescence (Fig. 2D) . Other protease inhibitors, including the serine and cysteine protease inhibitors PMSF, E64, and antipain, did not alter the rate of conversion (data not shown). We conclude from these experiments that the cleavage of the Notch fluorogenic peptide is specific.
Purification of a Detergent Solubilized Notch Intracellular Cleavage
Activity. To purify the protein activity or activities responsible for cleavage of the Notch peptide, we first solubilized the crude membrane fraction with various detergents. Only CHAPS or CH A PSO (3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate) solubilized the protease, whereas other detergents, like Triton X-100 or n-octyl-␤-D-glucoside, failed to solubilize and retain the activity (data not shown). The optimal concentration of CHAPS was 0.25-0.3% (Fig. 3) . Approximately 50% of the activity was solubilized by using 0.3% CHAPS, and an increase in the concentration of CHAPS resulted in a decrease in net peptide cleavage activity (Fig. 3) .
Next, we fractionated the cleavage activity based on charge distribution, using a Sepharose Q column. When the CHAPSsolubilized proteins were separated in the absence of EDTA, four distinct peaks of activity were identified (data not shown). In the presence of 10 mM EDTA two of the four peaks were retained (Fig. 4A) , which we hereafter refer to as peak A and peak B. To test the specificity of the activities in peaks A and B we analyzed their efficiency in cleaving the cleavage site-mutated Notch fluorogenic peptide GCGKLL. The cleavage activity for the mutant peptide was considerably reduced in both peak A and B (69% and 38% of the wild-type peptide, respectively, Table 1 ). Furthermore, the activities in peaks A and B were inhibited by MG132, but not by leupeptin, another peptide aldehyde protease inhibitor (Table 1 ). This finding suggests that the activities in peaks A and B reflect a specific cleavage of the Notch intracellular site.
Identification of a Notch Intracellular Cleavage Activity That Is Distinct from Presenilins. We next addressed the requirements of presenilins for the activities in peaks A and B. Membrane extracts were prepared from cells deficient in both presenilins (BD8 cells) or from cells deficient in PS2, but retaining one gene copy of PS1 (BD3 cells). When CHAPS-solubilized proteins were separated on the Sepharose Q column, we observed that both peak A and B were present in extracts from the PS1-containing BD3 cells (Fig. 4B) . In contrast, only peak B was retained in extracts from presenilin-deficient BD8 cells, whereas the activity in peak A was absent (Fig. 4B) . Western blot analysis of the distribution of PS1 in BD3 cells demonstrated that PS1 was exclusively confined to peak B, whereas no PS1 was observed in peak A (Fig. 4B) . We therefore conclude from this experiment that peak A is distinct from presenilins but completely depends on presenilin function.
To further assay the proteolytic profiles of the cleavage activities in peaks A and B, we challenged their activity in extracts from HEK293T cells with the ␥-secretase inhibitors MW167 and L-685,458 and by presenilin immunodepletion experiments. MW167 reduced the activity only in peak B, whereas the activity in peak A was not altered (Table 1 ). In contrast, L-685,458 had relatively little effect on either of the two peaks in HEK293T cells ( Table 1 ). The activity of peak B from BD8 cells was reduced by 30% by MW167 (data not shown). Taken together, these data suggest that peak A is insensitive to both inhibitors. To learn whether the activity in peak B is related to presenilins, we used antibodies to PS1 and PS2 to immunodeplete presenilins from peak B. Immunodepletion with antibodies to the intracellular loop regions of PS1 and PS2 reduced the activity in peak B from 293T cells to 69% and 76%, respectively ( Table 1) . As expected, the activity of peak A was not reduced by immunodepletion using the PS1 and PS2 antibodies (Table 1) .
Discussion
In this article we present evidence that Notch intracellular cleavage in intact cells completely depends on presenilin function, based on a very sensitive assay for Notch intracellular domain release. We also show that partial purification of the Notch transmembrane domain cleavage activity generates one peak of activity, peak A, which does not contain presenilin protein, but is found only in presenilin-containing cells.
The Protease Activity in Peak A Is Presenilin-Dependent but Physically
Distinct from Presenilins. Peaks A and B were identified on the basis of cleaving a fluorogenic peptide containing the Notch 1 intracellular site, and there is some evidence suggesting that this cleavage is specific. First, cleavage of a peptide mutated at the 1744 valine residue is reduced to approximately the same extent in both peak A and B as it is when the mutation is introduced in the GAL4͞VP16 constructs (Fig. 1) , or when the effect of the mutation is related to the production of the intracellular domain (25) . Furthermore, cleavage activity was reduced by MG132 and MW167, which affect processing at the Notch intracellular cleavage site (25) .
Peak A is observed only in presenilin-containing cells. In contrast, the activity is completely lost in cells deficient for both PS1 and PS2, which demonstrates a strict dependence on presenilin function. A parsimonious explanation to these findings is that the protease activity in peak A requires a close interaction with and modification by presenilins to be able to cleave at the Notch intracellular site, but that a close physical association between presenilins and the protein(s) in peak A is not required after the modification. This hypothesis receives support from two observations. First, peak A activity does not require a close association with presenilins for cleaving Notch, because they segregate differently after protein fractionation. Second, peak A activity is not sensitive to the ␥-secretase inhibitors directed to presenilins.
The nature of peak B and its relationship to presenilins is more complex. Although we cannot strictly prove that peak B in presenilin-containing and -deficient cells are identical, the fact that they have the same elution profile based on charge separation and that they respond similarly to MW167 would support this notion. The sensitivity to MW167 and the observation that immunodepletion with presenilin antibodies reduces the activity of peak B in presenilin-containing cells suggests some kind of relationship between peak B and presenilins, but the nature of this relationship remains to be established.
The Protease Activity in Peak A Is a Candidate for Notch Cleavage in Vivo. As both peak A and peak B are specific for Notch intracellular cleavage in vitro, it raises the question as to which activity is important in the cell in vivo. The data from cleavage of the Notch ⌬EGVP proteins strongly support that Notch intracellular cleavage strictly depends on presenilin function, because no cleavage can be detected in presenilin-deficient cells. This notion is supported by previous observations that the Notch cleavage cannot be detected in presenilin-deficient mouse (19) or Drosophila (20, 21) cells, and that loss of presenilin results in a Notch-like phenotype in mouse embryos lacking both PS1 and PS2 (14, 15) . This would argue that the activity in peak A is the activity operating in Notch intracellular cleavage in vivo, because this activity is found exclusively in presenilin-containing cells and is lost in the presenilindeficient cells. As a consequence, peak B, while specific for Notch cleavage in vitro, may not represent the activity that is operating in vivo. It seems likely that peak B is ''activated'' when cells are physically disrupted, because the crude membrane fraction from presenilin-deficient cells contains a cleavage activity, which cannot be the peak A activity. The nature of this activation, however, remains to be established.
In conclusion, the data presented here strongly support a model in which presenilin function on Notch is indirect and requires a distinct protease, which is activated by presenilins, possibly through the aspartyl protease activity in presenilins. Identification of this protease activity will help to decipher the mode of action of presenilins on their target proteins. Fig. 4 . Purification of the detergent-solubilized Notch intracellular cleavage activity based on charge distribution. (A) CHAPS-solubilized protein fractions of HEK293T cells were passed through a Sepharose Q column in the presence of 1 mM EDTA and eluted at various NaCl concentrations (0 -500 mM NaCl). The eluates were investigated for fluorogenic conversion and two peaks were identified: peak A (fraction 9 -13) and peak B (fraction 16 -22) . (B) Comparison of cleavage activities from presenilin-containing and presenilin-deficient cells. The fluorogenic conversion profiles from presenilin-containing BD3 (ᮀ) and presenilin-deficient BD8 (}) cells after separation over a Sepharose Q column. Note that peak A is present only in extracts from BD3 cells, whereas peak B is retained in extracts from both BD3 and BD8 cells. A Western blot analysis of the protein fractions from the BD3 and BD8 cells probed with an antibody to PS1 is shown at the bottom. Note that PS1 protein is detected only in BD3 cells, where it coincides with peak B. 
